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a b s t r a c t
A well-developed evergreen broadleaf forest exists in the northern part of Okinawa and
in the central part of the Ishigaki Islands in the Ryukyu Archipelago, Japan. All woody
plants were identified to species level and their heights and diameters were measured
in a 750 m2 plot in Okinawa and a 400 m2 plot in the Ishigaki Islands. Species overlap,
dominance, diversity, multi-strata structure, and spatial distribution were calculated. The
floristic composition in Okinawawas found to be different from that in Ishigaki. The species
overlap between strata was higher in Okinawa than in Ishigaki. Species diversity and
evenness tended to increase from the top down in Okinawa and the reverse in Ishigaki.
Mean tree weight of each stratum decreased and tree density increased from top down
in both forests. This trend resembled the mean weight–density trajectory of self-thinning
plant populations. The degree of stand stratification, species richness and species diversity
for trees with DBH> 4.5 cm increased along the latitudinal thermal gradient in the Ryukyu
Archipelago. Thus, trees in the lower strata of Okinawa and upper strata of Ishigaki are
important for sustainable maintenance of higher woody species diversity in the Ryukyu
Archipelago.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The coastal areas of theWestern Pacific, from subarctic eastern Siberia to equatorial Southeast Asia, have forest climates,
which develop a sequence of five forest formations: subarctic evergreen conifer forests, cool-temperate deciduous broadleaf
forests, warm-temperate lucidophyll forests, subtropical forests and tropical rainforests (Kira, 1991). Within the Western
Pacific sequence of thermal vegetation zones, the subtropical zone is mostly dry, with only a small part, including a
chain of islands from Okinawa to Taiwan, and South China, sufficiently moist to allow the development of subtropical
forests. The subtropical forests in the Ryukyu Archipelago are therefore valuable from a phytogeographical point of view. A
well-developed evergreen broadleaf forest exists in the northern part of Okinawa Island and the central part of Ishigaki Island
in the Ryukyu Archipelago, Japan. It is ecologically important to knowhow themulti-layered structure, floristic composition,
woody species diversity and spatial distribution of trees change along the latitudinal thermal gradient in this Archipelago.
∗ Corresponding author at: Forestry and Wood Technology Discipline, School of Life Science, Khulna University, Khulna-9208, Bangladesh. Tel.: +880
1746374044; fax: +880 41724717.
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2351-9894/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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64 S.M. Feroz et al. / Global Ecology and Conservation 4 (2015) 63–72
Fig. 1. Study areamap. The red dots are the locations of the study sites onOkinawa and Ishigaki Islands of the RyukyuArchipelago, Japan. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
The diversity of tree species is fundamental to total forest biodiversity, because trees provide resources and habitat for al-
most all other forest species (Hall and Swaine, 1976; Huston, 1994;Whitmore, 1998; Huang et al., 2003).Measures of species
diversity play a central role in ecology and conservation biology. The most commonly employed measures of species diver-
sity are the Shannon function, species richness (absolute number of species), and evenness (the distribution of abundance
among the species, also known as equitability). In addition, the spatial distribution of trees has been a major source of in-
terest for plant ecologists because of its potential role in explaining the coexistence of tree species in species-rich forests
(Bunyavejchewin et al., 2003).
The degree of canopy stratification and the woody species diversity increase along the latitudinal thermal gradient
from higher latitudes to the tropics (Hozumi, 1975; Yamakura, 1987; Kira, 1991; Ohsawa, 1995; Kimmins, 2004). The
canopy multi-layering structure, i.e. architectural stratification, is an important factor in maintaining higher woody species
diversity (Roberts and Gilliam, 1995; Lindgren and Sullivan, 2001). However, there is a dearth of studies reporting the effect
of the architectural stratification on floristic composition and woody species diversity in subtropical evergreen broadleaf
forests. Therefore, the aims of this study were to explore the status of architectural stratification, and to quantify floristic
composition and woody species diversity on the basis of stratification in subtropical evergreen broadleaf forests along a
latitudinal thermal gradient in the Ryukyu Archipelago, Japan.
2. Methods
2.1. The study area
Two study sites – on Okinawa Island and Ishigaki Island of the Ryukyu Archipelago, Japan (Fig. 1) – were selected for
primary data collection. The Okinawa site is located in a subtropical evergreen broadleaf forest at Mt. Yonaha (26°45′N and
128°10′E), the northern part of Okinawa Island. The bedrock is composed of silicate and the soil pH is 4.35 (Alhamd et al.,
2004; Feroz et al., 2006). The Ishigaki site is located in a subtropical evergreen broadleaf forest at Mt. Omoto (24°25′03′′N
and 124°11′17′′E), the central part of Ishigaki Island. The bedrock is composed of silicate and the soil pH is 4.55 (Feroz et al.,
2009).
Climatic data for the year of 2003–2007 were collected from the Nago Meteorological Station for the northern part of
Okinawa Island and the Maezato Meteorological Observatory for the central part of Ishigaki Island. Mean annual tempera-
ture is 22.9 ± 0.3 °C (ranging from 16.2 ± 0.5 in January to 29.1 ± 0.2 in July) in Okinawa Island (Feroz et al., 2006) and
23.9±0.3 °C (ranging from18.2± 0.4 in January to 29.2± 0.3 in July) in Ishigaki Island (Feroz et al., 2009). Thewarmth index
is 214.2±0.5 °Cmonth in Okinawa Island and 227.2±1.3 °Cmonth in Ishigaki Island, within the range of 180–240 °Cmonth
of the subtropical region reported by Kira (1977). Meanmonthly rainfall for both the islands is over 100mm throughout the
year, except for 84± 22 mm in February for Okinawa Island (Feroz et al., 2006) and 93± 19 mm in December for Ishigaki
Island (Feroz et al., 2009). Mean annual rainfall is 2050± 182mm in Okinawa Island (Feroz et al., 2006) and 1942± 159mm
in Ishigaki Island (Feroz et al., 2009). Typhoons with strong winds and rains frequently strike both the islands between July
and October. Clear-cutting and complete removal of the undergrowth of forests in the northern part of the Okinawa Island
has been carried out (Azuma et al., 1997; Itô, 1997; Itô and Aoki, 1997; Itô et al., 2000). These operationsmay have been done
in the Ishigaki Islands as well, but the information is not available. Thus both sites have long histories of human impacts on
their forests.
2.2. Sampling design and data collection
A vegetation survey in the Yaeyama Islands used a sampling area <400 m2 (Niiro et al., 1974; Niiro, 1981; Miyawaki,
1989) and 400m2 was used in Iriomote Island for a forest stratification study (Hozumi, 1975). Therefore, in the Okinawa site,
a sample plot of 750m2 (25×30m)was established and divided into 120 quadrats of equal size (2.5×2.5m). In the Ishigaki
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site, a sample plot of 400m2 (20×20m) was established and divided into 64 quadrats of equal size (2.5× 2.5 m). The slope
angle, altitude above sea level, and slope aspect were 24.5°, 250 m, and NW, respectively, for the Okinawa site, and 21.4°,
200 m, and SW for the Ishigaki site. Woody plants>0.1 m height for the Okinawa site and all woody plants for the Ishigaki
site were numbered consecutively and later identified to species level. For each numbered plant, the height H (m) was
measured using a heightmeasuring poleTM and the stemdiameterD0.1H (cm) atH/10wasmeasured using a diameter tapeTM.
2.3. Data analysis
2.3.1. Species composition and diversity
Botanical names of trees were confirmed using the nomenclature of Walker (1976). Species overlap between strata was
calculated using a species similarity index (see Morishita, 1959; Horn, 1966; Kimoto, 1967). A similarity index of 1.0 means
that the numbers of individuals of all corresponding species between strata are the same, i.e. the floristic composition is
the same between strata, while an index of 0.0 means no species are shared between strata. The species similarity index
was also used to measure the species overlap between the Okinawa and Ishigaki forests. Dendrograms were constructed
to analyze the degrees of floristic similarity among layers (see Mountford, 1962), or un-weighted pair-group method using
arithmetic averages (see Sneath and Sokal, 1973).
The expected number of species from a certain number of randomly selected quadrats among the total number of
quadrats was calculated using the equation proposed by Shinozaki (1963). The expected numbers of species were obtained
for 1, 2, 4, 8, 16, 32, 64 and 120 quadrats in the Okinawa forest, and 1, 2, 4, 8, 16, 32 and 64 quadrats in the Ishigaki for-
est. The importance value IV (%) of each species was computed using the formula suggested by Curtis and McIntosh (1951)
to determine the dominant species in the forests. Shannon’s H ′ index (MacArthur and MacArthur, 1961) was employed to
calculate the woody species diversity and Pielou’s J ′ (Pielou, 1969) for woody species evenness or equitability across the
Okinawa and Ishigaki forests.
2.3.2. Stand stratification
TheM–w diagram proposed by Hozumi (1975) was used to identify the multi-strata structure of the forest stands. Tree
weight (w) was assumed to be proportional to the function of diameter and height (see Feroz et al., 2006, 2009). Average tree
weight (M) of a group from themaximum treeweightwas calculated using themethod proposed by Feroz et al. (2006, 2009).
When aM–w diagram is constructed by plotting values ofM against corresponding values ofw on logarithmic coordinates,
segments (vertical strata: specific characteristics of the beta-type distribution designated by Hozumi, 1975) are formed in
coordinate space. Vertical strata also can be represented in some aspect in which trees are packed into three-dimensional
space (Feroz et al., 2009). The boundary between vertical strata was distinguished by the relationships developed in (Feroz
et al., 2006, 2008).
The unit-size
∗
mu − mu method and the ρ-index with successive changes of quadrat sizes (Iwao, 1972) were used to
analyze the spatial distribution of trees. Mean density is defined asmu =quj=1 nj/qu where nj is the number of individuals
in the jth quadrat and qu is the total number of quadrats when the quadrat size is u. The qu-values were 120, 60, 30, 15, 7, 4
and 2 respectively for the u-values of 1 (2.5× 2.5 m), 2, 4, 8, 16, 30 and 60 in the Okinawa forest, and 64, 32, 16, 8, 4 and 2
respectively for the u-values of 1 (2.5× 2.5 m), 2, 4, 8, 16 and 32 in the Ishigaki forest. On the other hand, mean crowding
is defined by Lloyd (1967) as
∗
mu = quj=1 nj(nj − 1)/quj=1 nj. If the basic component of the spatial distribution is a single
individual tree, individual trees are considered to be randomly distributed when
∗
mu = mu, aggregately distributed when∗
mu < mu and uniformly distributed when
∗
mu < mu for any quadrat size. For clumped distribution patterns of individuals,
the ρ-index (Iwao, 1972) was employed as ρu = ( ∗mu − ∗mu−1)/(mu − mu−1) where for the smallest quadrat size (u = 1),
ρ1 = ∗m1/m1. When the values of ρu are plotted against the quadrat sizes, a peak of the curve may suggest the clump area.
3. Results
3.1. Species composition and diversity
A total of 60 species in 26 families and 43 genera with 4684 (i.e., 62 452 ha−1) woody individuals were recorded from the
750m2 plot in the Okinawa forest (Feroz et al., 2006). Rubiaceae was the most dominant family, accounting for 20% (12/60)
of all the recorded species. Symplocos, Lasianthus and Ilex were most species rich genera, with five species each. Only 5%
(3/60) of all the recorded species had one individual each. Castanopsis sieboldii (Mak.) Hatusima was the most dominant
species in all strata, with the highest importance value, followed by Schima wallichii (DC.) Korth (Table 1). The fairly high IV
of about 23% for S. wallichii in the top strata compared with the very low IV (range: 0.62%–1.69%) in the lower three strata,
indicated the heliophilic nature of the species.
A total of 77 species in 33 families and 52 generawith 4157 (i.e., 103 925 ha−1) woody individualswere recorded from the
400m2 plot in the Ishigaki forest (Feroz et al., 2009). Aquifoliaceaewas themost species-rich family, accounting for 8% (6/77)
of all the recorded species. Ilexwas themost species-rich genus. Only 5% (4/77) of all the recorded species had one individual
each, as in the Okinawa forest. Ardisia quinquegona Blume was the most dominant species in terms of importance value in
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Table 1
Five most important species in Okinawa and Ishigaki forest of the Ryukyu Archipelago, Japan. There were only four strata in the Okinawa forest.
Species rank Species name IV%
Top
stratum
Second
stratum
Third
stratum
Fourth
stratum
Bottom
stratum
Total
stand
Okinawa forest
1 Castanopsis sieboldii (Mak.) Hatusima 43.60 12.63 26.12 21.74 21.30
2 Schima wallichii (DC.) Korth. 22.34 1.78 0.62 1.69 9.30
3 Elaeocarpus japonicus Sieb. and Zucc. 10.16 7.56 1.73 2.78 4.61
4 Myrsine seguinii Lév’l. – 4.14 5.46 7.01 3.92
5 Ardisia quinquegona Bl. – 4.97 6.88 3.72 3.74
Ishigaki forest
1 Ardisia quinquegonaBl. – 9.23 24.66 10.52 10.52 15.39
2 Lasianthus plagiophyllusHance – – 8.53 19.10 19.10 7.93
3 Psychotria manillensisBartl. – – 9.34 6.89 6.89 6.54
4 Sarcandra glabra(Thunb.) Nakai – 0.84 0.79 10.98 10.98 6.19
5 Camellia sasanqua Thunb. – 7.55 1.65 6.82 6.82 5.54
Table 2
Height class-wise tree density, species richness, diversity and evenness in Okinawa and Ishigaki forest of the RyukyuArchipelago, Japan. Total area surveyed
750 m2 for Okinawa and 400 m2 for Ishigaki.
Strata Height range (m) Per plot Shannon’s H ′ Pielou’s J ′
No. of trees No. of species
Okinawa forest
Top 8.0 < H ≤ 16.5 139 18 2.75 0.66
Second 1.9 < H ≤ 8.0 953 42 4.37 0.81
Third 0.25 < H ≤ 1.9 2226 56 4.73 0.80
Bottom 0.10 ≤ H ≤ 0.25 1366 51 4.33 0.73
Total 4684 60
Ishigaki forest
Top 7.6 < H ≤ 14.1 42 19 3.84 0.90
Second 2.7 < H ≤ 7.6 130 35 4.49 0.87
Third 0.87 < H ≤ 2.7 915 56 4.29 0.71
Fourth 0.21 < H ≤ 0.87 1806 65 4.21 0.70
Bottom 0.0 < H ≤ 0.21 1264 52 3.73 0.65
Total 4157 77
the entire forest stand and in all strata, except the top stratum (Table 1). This species may be a sub-canopy species because
of its disappearance in the top stratum. Castanopsis sieboldii (Mak.) Hatusima was the least dominant species across the
entire forest stand, although it is a climax species in the Ishigaki subtropical evergreen broadleaf forest (Foster et al., 1965).
However, this species appeared in all stratawith a considerably higher importance value in the top strata (Feroz et al., 2009).
In the Okinawa forest, Shannon’s diversity indices and Pielou’s evenness indices tended to increase from the top stratum
downwards, except for bottom stratum, whereas in the Ishigaki forest, these indices tended to increase from the bottom
strata upwards, except for Shannon’s index of the top stratum (Table 2). Tree density for trees having H ≥ 0.10 m in the
Okinawa forest was quite low compared to that in the Ishigaki forest (Table 3). In contrast, tree density and basal area of
trees with DBH ≥ 4.5 cm were similar in both forests. The Ishigaki forest is more densely populated with small trees than
the Okinawa forest, but the biomasses of the two stands are possibly similar, because they have the same basal area.
The floristic similarities among strata of each forest were classified using dendrograms of the species similarity index
(Fig. 2). In the Okinawa forest, highest floristic similarity was observed between the second and third strata, followed by
between the second–third and bottom strata. The weakest similarity was observed between the top and lower three strata.
In the Ishigaki forest, the highest floristic similarity was observed between the third and bottom strata, followed by between
the third–bottom and fourth strata and between the third–bottom–fourth and second strata. Theweakest floristic similarity
was between the top and lower four strata.
The expected number of species increased and then tended to saturate with increasing number of quadrats for the
Okinawa forest (see Fig. 3 in Feroz et al. (2006)), whereas it continued to increase with increasing number of quadrats
for the Ishigaki forest (see Fig. 4 in Feroz et al., 2009). The relationships of the expected number of species Sq to the number
of quadrats q in each stratum and the total stand were well approximated by the equation proposed by Ogawa (1980) and
Hagihara (1995). In the Okinawa forest, the expected maximum number of species was estimated to be 62. The maximum
number of species increased from 26 in the top stratum to 46 in the second, 61 in the third and 65 in the bottom stratum.
This result was different from the Ishigaki forest, where the expected maximum number of species was estimated to be 92.
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Fig. 2. Dendrogram showing the degree of similarity in floristic composition among strata in Okinawa (a) and in Ishigaki (b) forests of the Ryukyu
Archipelago, Japan.
Table 3
Comparison of tree size, basal area, density, species richness, diversity and evenness between Okinawa and Ishigaki sites of this study and with Feroz et al.
(2006, 2009).
Study site Area sampled
(ha)
Tree size Basal area
(m2 ha−1)
Density
(ha−1)
Number of
species S
Shannon’s
H ′
Pielou’s
J ′
Okinawa forest 0.075 H ≥ 0.10 m 50.3 62452 60 4.83 0.82
(Feroz et al., 2006) – DBH ≥ 4.5 cm 43.2 3080 32 3.80 0.77
Ishigaki forest 0.040 H > 0.0 m 49.4 103925 77 4.36 0.69
(Feroz et al., 2009) – DBH ≥ 4.5 cm 42.7 2775 36 4.61 0.89
The maximum number of species increased from 44 in the top stratum to 55 in the second, 77 in the third, 90 in the fourth,
and then decreased to 88 in the bottom stratum.
3.2. Species diversity and stratification
When species diversity was compared among strata in the Okinawa forest, highest Shannon’s diversity index was in the
third stratum, which had second highest Pielou’s evenness index and the highest species richness (56 species). However, in
the Ishigaki forest, highest Shannon’s diversity indexwas in the second stratum,which had second highest Pielou’s evenness
index, but only the fourth highest species richness (35 species). Lowest Shannon’s diversity index was in the top stratum
for Okinawa forest, ascribed to lowest Pielou’s evenness index and species richness (18 species). Lowest Shannon’s diversity
index in the Okinawa forest was in the bottom stratum, which also had lowest Pielou’s evenness index, although the species
richness (52 species) was the third highest. In addition, in the Okinawa forest, Shannon’s diversity index in the second and
bottom strata was nearly the same, while Pielou’s evenness indexwas higher in the second stratum, compensating for lower
species richness. In the Ishigaki forest, Shannon’s diversity index in the top and bottom strata were nearly the same, with
higher Pielou’s evenness index in the top stratum compensating for a decrease in species richness from bottom (52 species)
to top (19 species).
The M–w diagram showed four phases in the Okinawa forest (see Fig. 1 in Feroz et al. (2006)) and five phases in the
Ishigaki forest (see Fig. 2 in Feroz et al. (2009)), confirming that there are four strata in Okinawa and five in Ishigaki. Only
the first and fourth strata in the Okinawa forest and all five in the Ishigaki forest possess a property ofM = Aw+B (Hozumi,
1975), i.e. Type I of the C–D curve tribe that contains eight types (Shinozaki and Kira, 1961). The second and third strata in
the Okinawa forest possess a property of M = Cwb (Hozumi, 1975), i.e. a power function. The b values in M = Cwb were
significantly different between second and third phases (t = 212, P ∼= 0). Tree weights at boundaries between strata were
estimated to be 508, 3.18 and 0.00953 cm2 m in the Okinawa forest (see Feroz et al., 2006) and 706.3, 18.74, 0.6871 and
0.01236 cm2 m in the Ishigaki forest (see Feroz et al., 2009).
The relationships between tree height (H) and weight (w) in the Okinawa and Ishigaki forests formulated using the
equations proposed by Kira and Ogawa (1971) are in Fig. 3. The estimated maximum tree height was 21.0 m for both the
forests. The heights of the boundaries were determined as 8.0, 1.9 and 0.25 m in the Okinawa forest and 7.6, 2.7, 0.87 and
0.21 m in the Ishigaki forest by substituting the respective tree weights (w) at boundaries obtained using the equations
proposed by Kira and Ogawa (1971). Therefore, in the Okinawa forest, the height range was 8.0m < H ≤ 16.5m for the top
stratum, 1.9 m < H ≤ 8.0 m for the second, 0.25 m < H ≤ 1.9 m for the third and 0.10 m ≤ H ≤ 0.25 m for the bottom
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Fig. 3. Relationships between tree height (H) and weight (w) in Okinawa (a) and Ishigaki (b) forest of the Ryukyu Archipelago, Japan.
stratum, while in Ishigaki, it was 7.6 < H ≤ 14.1 m for the top, 2.7 < H ≤ 7.6 m for the second, 0.87 < H ≤ 2.7 m for the
third, 0.21 < H ≤ 0.87 m for the fourth and 0.0 < H ≤ 0.21 m for the bottom stratum.
In Fig. 3, the regression R2 was 0.97 in the Okinawa forest. In the Okinawa forest, filled circles are the top stratum; open
circles, the second stratum; filled squares, the third stratum; open squares, the bottom stratum. In the Ishigaki forest, the
regressionR2was0.96. In the Ishigaki forest, filled circles are the top stratum; open circles, the second stratum; filled squares,
the third stratum; open diamonds, the fourth stratum; open squares, the bottom stratum.
The spatial distribution of all strata in the forests, except the top stratum in the Okinawa forest and the bottom stratum
in the Ishigaki forest, was random, because the unit-size relation line mimicked the Poisson line at a significance level of
0.01 (Fig. 4). However, in the top stratum of the Okinawa forest, the spatial distribution of trees showed a special trend. The
ρ-index showed three peaks, respectively at quadrat sizes 1, 4 and 30. The first peak at quadrat size 1 may be an occasional
appearance due to the under dispersion of individual trees, and the second and third peaksmay be related to topography. As
a result, the top stratum probably consists of a double clump, the small and large clumps of which were respectively 25 and
187.5 m2. Considering the mean area occupied by individuals of the top stratum trees in the Okinawa forest (9.1± 0.6 m2),
small clumps may include three individuals and the large clump may include eight small clumps. On the other hand, in the
bottom stratum of the Ishigaki forest, the spatial distribution of trees was aggregated, although its basic component was a
single individual.
The mean tree weight of a stratum decreased from top towards bottom, while the opposite trend was observed for tree
density. This trend was successfully expressed for the forest in the Okinawa Island in the form (see Feroz et al., 2006) which
is analogous to the process of self-thinning of plant populations (Hagihara, 2000). However, for the Ishigaki forest, the re-
lationship between mean tree weight and tree density was described by Feroz et al. (2006) using the same coefficients
obtained from the Okinawa forest (R2 = 0.98).
4. Discussion
All species in both Okinawa and Ishigaki forests were identified as evergreen broadleaf. The species richness in the
Ishigaki forest (77) was higher than that in the Okinawa forest (60), although the study area in Ishigaki was almost half
that in Okinawa. Similarly, the expectedmaximum number of species in the Ishigaki forest (92) was higher than in Okinawa
(62). Therefore, there is the possibility of new species entering the Ishigaki forest, which may indicate structural instability.
These results also suggest that species richness and the potential number of species in the subtropical evergreen broadleaf
forests may increase along a latitudinal thermal gradient in the Ryukyu Archipelago, Japan.
In both the forests, Castanopsis sieboldii, Daphniphyllum teijsmannii, Neolitsea aciculata and Dendropanax trifidus were
typically facultative shade species (light-tolerant under high light conditions and shade-tolerant under low light conditions).
C . sieboldii was the most dominant and a climax species in the Okinawa forest as it appeared in all strata with the highest
IV in all strata (Table 1). Ardisia quinquegona, which is not typically a facultative shade species, was the most dominant and
a small climax species in the Ishigaki forest. This species did not appear in the top stratum, i.e. it is mainly shade-tolerant,
growing from the bottom stratum to the sub canopy stratum (or second stratum). Similarly, A. quinquegona, being the fifth
dominant species, did not appear in the top stratum of the Okinawa forest. Schima wallichiiwas typically a light demanding
S.M. Feroz et al. / Global Ecology and Conservation 4 (2015) 63–72 69
a
b
Fig. 4. Relationships between mean crowding (m∗u) and mean density (mu) in Okinawa forest (a) and in Ishigaki forest (b) of the Ryukyus Archipelago,
Japan.
species in the Okinawa forest, as it was very common with tremendously high IV in the top stratum and very uncommon
with low IV in three lower strata. This phenomenon indicates that S.wallichiiwas a pioneer or early successional species in
the Okinawa forest. It can be concluded that species with high importance value in the lower strata have high number of
individuals as their mean tree weight is low, and then these species can reach to the late successional stage, whereas species
with high IV in the upper strata but low IV in the lower strata can be a pioneer species or early successional species.
The similarity in floristic composition between the top and lower three strata in Okinawa forest was weak, i.e. approxi-
mately one-third of the species from the three lower strata can grow to the top stratum. However, in the Ishigaki forest, the
top and four lower strata had very different floristic compositions, i.e. approximately one-sixth of the species from the four
lower strata can grow into top stratum. This is due to the fact that the floristic composition was more similar among strata
in Okinawa forest than in Ishigaki forest (Fig. 2). Moreover, a low similarity in floristic composition was observed between
these Okinawa and Ishigaki forests (similarity index 0.33), although approximately half of all the recorded species from both
the forests were common. This may be mainly due to the differences in stem density of the same species between the two
forests. For example, the stem density of Castanopsis sieboldii in the Okinawa forest (10,480 ha−1) was very different from
that in the Ishigaki forest (2600 ha−1). In addition, Okinawa and Ishigaki are fragmented islands and are separated by a deep
sea. As a consequence, propagule dispersal between the sites will be limited, reducing the similarity in floristic composition.
Species diversity in a community depends on both the species richness and the evenness with which the individuals are
apportioned among them (see Pielou, 1975). The lower stratum supports higher species richness in a forest as it contains
more species relative to their smaller height ranges (Table 2). For example, 67%–88% of the total species and 29%–30% of the
total individuals in both the Okinawa and Ishigaki forests were packed into the thin bottom stratum, 15–21 cm deep. In the
Okinawa forest, Shannon’s diversity index for small trees H ≥ 0.10 m was very high (H ′ 4.83) compared to large trees with
DBH ≥ 4.5 cm (Table 3). This is mainly due to the high species richness for small-sized trees. The trend of increasing di-
versity with successively decreasing height of the strata represents high woody species diversity dependent on small-sized
trees (Fig. 5).
Because small trees provide a natural habitat for animals living on the forest floor, conservation of these trees in the
lower stratum is indispensable for sustainable maintenance of evergreen broadleaf forests in Okinawa (Feroz et al., 2006).
On the other hand, species diversity for large trees with DBH of 4.5 cm ormorewas higher compared to the total stand in the
Ishigaki forest (Table 3). This may be due to the higher species evenness for large trees, although low species richness may
heavily influence the species diversity. Species diversity in the Ishigaki forest tends to increase up to the second stratum and
then decrease downwards (Fig. 5), contrasting with the Okinawa forest. Large trees have an important role in maintaining
high woody species diversity in the upper strata. Thus the decreasing trend of species diversity from the second stratum
downward is a characteristic feature of the subtropical evergreen broadleaf forest on Ishigaki Island.
The species diversity and evenness were higher though the species richness was lower in the Okinawa forest than in
the Ishigaki forest (Table 3). In contrast, woody species diversity for large trees was higher in Ishigaki than in Okinawa.
This was mainly due to higher species richness and evenness in Ishigaki than in Okinawa. Therefore, the present study for
large trees supports the general hypothesis of woody species diversity increasing along a latitudinal thermal gradient from
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Fig. 5. Trends of Shannon’s species diversity index along the strata from the top stratum down in Okinawa (white circle) and Ishigaki forests (black circle)
of the Ryukyu Archipelago, Japan.
Fig. 6. Relationship betweenmean treeweight and tree density among the strata in Okinawa (white circle) and in Ishigaki (black circle) forests (Regression
R2 0.98) of the Ryukyus Archipelago, Japan.
higher latitudes to the tropics (Hozumi, 1975; Yamakura, 1987; Kira, 1991; Ohsawa, 1995; Kimmins, 2004). The mean tree
weight decreased from the top towards the bottom strata, while tree density increased (Fig. 6). This resembles the mean
plant weight–density trajectory of a self-thinning, even-aged plant population (Hagihara, 2000), which starts growing from
initial plant densities lower than the initial plant density of the population, obeying the −3/2 power law of self-thinning
(Yoda et al., 1963). The relationship of mean tree height to tree density for the upper two strata in the Okinawa forest
supported Yamakura’s quasi−1/2 power law of tree height, because the α-value was close to 3/2 (Feroz et al., 2006). Our
formulated equation is more general than Yamakura’s quasi−1/2 power law of tree height, because the equation describes
the lower strata as well.
5. Conclusion
The results of the present study reveal that stand stratification and species diversity for trees with DBH ≥ 4.5 cm in-
creased along a latitudinal thermal gradient in the Ryukyu Archipelago, Japan. This finding supports the general hypothesis
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established by others that the number of strata and thewoody species diversity increase along a latitudinal thermal gradient
from higher latitudes to the tropics. Species diversity in the Okinawa forest depended on small trees, which may be a gen-
eral condition for a stable forest, while the Ishigaki forest depended more on relatively large trees. Nonetheless, extensive,
in-depth, long term investigations in the same plots, and similar investigations in more sampling plots in other subtropical
forests of the Ryukyu Archipelago, are needed to generalize the stand stratification and its effects inmaintaining highwoody
species diversity.
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